genomic DNA showed that the number and sizes of amplicons were decreased by treatments. Based on these results, it was inferred that spinach leaf extracts exert bactericidal activities by both inducing mutations in DNA and causing cell wall disruptions.
Introduction
In the past few decades, there has been a significant increase in resistance to antibiotics of many pathogenic bacteria (Chopra et al. 1996) . For instance, approximately 90-95% of Staphylococcus aureus strains were reported to be resistant to penicillin (Casal et al. 2005 ) and around 70-80% were methicillin resistant (Chambers 2001) . Most antibiotics face resistance from other bacteria, including strains of Escherichia coli (Diemert 2006) . Thus, antibiotics are becoming ineffective to control diseases caused by these bacteria. Antibiotic resistance is a global problem and antibioticresistant bacterial strains are increasingly appearing around the world, making the discovery of new agents with antimicrobial activities very important. A large variety of plants contain antimicrobial substances and may be used to develop new therapies against antibiotic-resistant microbial strains (Miyasaki et al. 2010) .
A great number of natural plant products have been used as traditional medicines against bacterial pathogens (Rojas et al. 2006) . In addition to essential nutrients, plants contain a variety of antioxidants and antimicrobial compounds. Tajkarimi and coworkers (Tajkarimi et al. 2010) have reported that there are more than 1340 plants, which Abstract Spinach (Spinacia oleracea L.) leaves represent an important dietary source of nutrients, antioxidants and antimicrobials. As such, spinach leaves play an important role in health and have been used in the treatment of human diseases since ancient times. Here, the aims were to optimize the extraction methods for recovering antimicrobial substances of spinach leaves, determine the minimum inhibitory concentrations (MICs) of the antimicrobial substances against Escherichia coli and Staphylococcus aureus and, finally, evaluate the effects of spinach leaves' antimicrobials on bacterial DNA using central composite face-centered methods. The effect of the extracts on both Gram-positive and Gram-negative bacterial models was examined by scanning electron microscopy (SEM) and random amplification of polymorphic (bacterial) DNA (RAPD). The optimal extraction conditions were at 45 °C, ultrasound power of 44% and an extraction time of 23 min. The spinach extracts exhibited antimicrobial activities against both bacteria with MICs in the 60-100 mg/ml range. Interestingly, SEM showed that the treated bacterial cells appear damaged with a reduction in cell number. RAPD analysis of Communicated by Erko Stackebrandt.
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contain compounds with antimicrobial activities and to date scientists have isolated more than 30,000 antimicrobial compounds from plants. Leafy vegetables such as spinach are valuable because they contain many bioactive compounds including proteins, peptides, phenolics, tannins, saponins, cyanogenic-glycosides, terpenoids, alkaloids, steroids and defensins (Adeniran et al. 2013) . Phytochemical screening of tree spinach (Cnidoscolus aconitifolius (Miller) Johnston) leaves confirmed the presence of secondary metabolites that inhibited E. coli and Bacillus subtilis growth (Adeniran et al. 2013) . Other studies have shown that plant polyphenols are natural alternatives to synthetic antimicrobial and antioxidant agents (Xi and Shouqin 2007) .
Spinach leaves contain defensins, which exhibit antimicrobial activities (Stotz et al. 2009 ). Defensins are one class among the many types of Cys-rich antimicrobial peptides. Plant defensins differ in length (45-54 residues) and folding patterns. Plant defensins have been divided into three groups based on their antimicrobial activities. The first group of defensins can inhibit both bacteria and fungi, while the second group of defensins can prevent the growth of fungi, but are inactive toward bacteria. The third group deters insect feeding by inhibiting amylases and proteinases. These defensins were found to prevent the growth of both Grampositive bacteria and Gram-negative bacteria, but were inactive toward fungi (Broekaert et al. 1995) . Moreover, Segura et al. (1998) identified a new group of defensins from spinach leaves (Spinacia oleracea L.), which are active against fungi, as well as Gram-positive and Gram-negative bacteria. Two of these defensins (SoD2 and SoD7) are used to protect citrus fruit crops. Defensins are classified as PR12s. In fact, plants like spinach produce many other compounds with broad antimicrobial properties, which are categorized into 17 activity classes (PR1-17) (Bai et al. 2014) . The PR1, PR4 and PR5 class proteins have mainly broad antifungal activities; however, most of the rest of the other classes were inhibitors of pathogen enzyme activities (Tegos et al. 2002) .
Preferences for the use of natural antioxidants and antimicrobial agents over synthetic compounds has increased in food industries worldwide (Han and Seo 2002; Vickers 2002) . Many people depend on medicinal plants in developing countries (El-Shemy et al. 2007 ) and their use in diets is common (Prior and Cao 2000) . Drug-resistant skin pathogens like methicillin-resistant S. aureus (Marathe et al. 2013) can be inhibited by plant extracts. Other common food-borne bacteria like E. coli serotype O157:H7 might also be sensitive to plant-derived phenolics (Diemert 2006) . Many studies have shown that consuming diets containing a low amount of vegetables is associated with an increased risk of cancer (Prior and Cao 2000) . Conversely, consuming diets rich in fruits and vegetables, containing antioxidants, lowers the incidence of cancer. Due to increased awareness of the health benefits that strongly pigmented vegetables provide, a colorful diet has created new markets for heritage cultivars, specifically developed for their health benefits. Studies of plant extracts have shown that flavonoids (orange/yellow pigments), anthocyanins (red pigments), and general phenolics (colorless) are good sources of antioxidants in addition to having antimicrobial properties (Marathe et al. 2013; Yolmeh et al. 2014) . Further, extracts were active against various human pathological conditions such as inflammation, cancer, atherosclerosis and even circulatory problems (Cevallos-Casals et al. 2006; Gil et al. 2002; Prior and Cao 2000) .
To partially purify bioactive components from plants, a number of extraction techniques have been developed including ultrasound-assisted extraction (UAE), supercritical fluid extraction, enzymatic extraction and Soxhlet extraction (Pedersen and Olsson 2003; Vinatoru 2001) . Among these, UAE was found to be an inexpensive, simple and efficient extraction technique. The benefits of using ultrasound are mainly attributed to the effect of acoustic cavitation of plant tissue produced by the solvent (Ghafoor et al. 2009 ). Ultrasound also creates a mechanical effect that allows greater penetration of solvents into the tissues, increasing the contact surface area between the solid and liquid phase (Pedersen and Olsson 2003; Vinatoru 2001) .
Screening of plant extracts is a promising approach to find new compounds with the capability of eliminating pathogenic bacteria. Spinach (S. oleracea L.) extracts made by UAE were reported to contain effective antioxidants (Altemimi et al. 2015a ) and it was proposed that the extracts might be active against food-borne pathogens. In the present study, UAE and Box-Wilson designs were used to optimize the protocol for extracting antimicrobial activities from spinach. Antimicrobial activities of prepared spinach extracts were tested for the ability to inhibit the growth of Gram-negative and Gram-positive bacteria.
Materials and methods

Preparation of plant material
Spinach (cv. 'Tyee') was grown at the Horticulture Research Center of Southern Illinois University according to common commercial practices (Altemimi et al. 2015a, c) . Fresh spinach (cv. Tyee) leaves were harvested from randomly selected mature plants at 45 days after planting, then washed, sliced into small pieces and stored at −18 °C. Five days later, the samples were freeze-dried.
Ultrasonic-assisted extraction (UAE) of spinach leaves
An Elmasonic P30 (P30) ultrasonic cleaner (Elma Hans Schmidbauer GMBH, Singen, Germany) was coupled with controlled heating using a cooling coil (Fisher Scientific Inc. St Louis USA), connected with a cooling chiller water bath and a water pump (Model HJ-111, submersible pump, flow rate 250 l/h, Sunsun Inc., Zhejiang, China). Coupled heating and cooling helped maintain evenly distributed temperatures across the ultrasonic water bath. Extracts were made at 37 °C and 80 kHz frequencies with three heated bath temperatures and three power settings expressed as a percentage of full power (30-100%). The standard ultrasonic mode was used. Temperature settings used for this study were 30, 40 and 50 °C and power level settings were 30, 50 and 70%. The manufacturer rated the P30 with an ultrasonic peak power of 480 W and an effective power rating of 120 W. The P30 had a proprietary algorithm for adjusting power based on the impedance of the system. For a specific power setting, samples were subjected to the same degree of cavitation regardless of the load in the tank. For all treatments, the bath of the P30 contained 1.7 l of water before the treatment containers were added. Ultrasonic power was expressed as W/cm 2 , based on the power setting as a percentage of rated power and the volume of the bath solution prior to addition of the treatment containers. Ultrasonic peak powers for the 30, 50 and 70% power settings were 85, 141 and 198 W/cm 2 , respectively. The effective power inside the extract containers was 21, 35 and 49 W/cm 2 , respectively. Ten grams of lyophilized spinach was mixed with 100 ml of methanol and then added into 200 ml flasks, and the samples were subjected to UAE in an ultrasonic water bath (Elmasonic P30). After the samples were exposed to ultrasound waves, the mixture was filtered using filter paper (Whatman™ no.1). The solids were re-extracted in fresh methanol to ensure the effective extraction of all bioactive compounds. Finally, the solvent was removed with a rotary evaporator under vacuum at 40 °C.
Microorganisms and growth conditions
The microorganisms used in this study were S. aureus (ATCC 29213) and E. coli OH157:H7 (ATCC 25922). Microbial cultures were grown in nutrient broth (NB) for 24 h before testing.
Bacterial strains were grown on both Muller-Hinton agar and nutrient broth. Both were sterilized by autoclaving at 121 °C for 15 min (Sterileforge, Market Forge, MA, USA). The nutrient broth was used to grow bacteria, while Muller-Hinton agar was used to maintain the cultures used in this study and to create lawn plates for testing the spinach extracts. Before measuring the antimicrobial activities of crude extracts, the bacteria were grown to a mid-logarithmic stage of growth. They were moved by a loop to fresh test tubes containing NB and grown with aeration to an OD 600 of 0.6 (Singh et al. 2013) . Suspensions of the bacteria, adjusted by serial dilutions to final cell concentrations of 10 −6 CFU/ ml, were added to flasks containing 25 ml Muller-Hinton agar at 43-45 °C and poured into Petri plates.
Disk diffusion assay
Plant extracts were used for the disc diffusion method to determine their relative antimicrobial activity at different concentrations against bacterial cultures of E. coli and S. aureus (Bauer et al. 1966) . Antibiotic discs of streptomycin were used as positive controls, while blank discs were used as negative controls. To test plant extracts, sterile blank discs (Becton, Dickinson and Company, Sparks, MD, USA) were saturated with 40 μl of extracts at a concentration of 140 mg/ ml. The soaked discs and antibiotic discs were placed on plates and incubated at 37 °C for 18-24 h in the inverted position (Sağdıç et al. 2002; Saǧdıç and Özcan 2003) . At the end of the incubation period, the diameters of the inhibition zone were measured using a compass (Burt 2004; Faleiro et al. 1999; Shan et al. 2007 ).
Determination of minimum inhibitory concentration (MIC)
To measure the MIC values, various concentrations of the optimized spinach leaf extracts (2.5-100) mg/ml were assayed against the test bacteria. In each well of the 96-well plates, 100 μl of plant extracts and 5 μl of the bacterial solution (at 10 6 CFU/ml) were added. The plates were incubated at 37 °C under aerobic conditions for 24-48 h, after which 40 μl of p-iodo-nitro-tetrazolium violet salt solution (INT) was added to each well (to a final of 0.2 mg/ml INT). The plates were incubated at 37 °C for 30-60 min. The salt solution of INT serves as an electron acceptor and indicates the biological activity in the tested samples. The presence of color in the salt solution indicates microbiological activity in the tested samples, while the lack of color indicates a lack of microbiological activity (Eloff 1998) .
Scanning electron microscopy (SEM)
For examination by scanning electron microscopy (SEM), small pieces of agar from the inhibition zone of treated and control samples were cut and fixed in 2.5% (v/v) glutaraldehyde buffered with 0.1 M sodium phosphate buffer (pH 7.2) for 1-2 h at room temperature. Samples were then rinsed three times (30 min intervals) with sodium phosphate buffer and post-fixed using 2% (w/v) osmium tetroxide (OsO 4 ). After post-fixation, samples were rinsed three times with distilled water (at 30 min intervals) and subjected to serial dehydration through graded alcohol [25, 50, 75 and 100% (v/v) ]. Finally, the samples were dehydrated by critical point drying and placed on the silver stub for SEM imaging (gold sputter coated). The samples were analyzed in Quanta 450 FEG Scanning Electron Microscope (20 kV, WD ~10 mm).
Isolation of bacterial DNA
To extract bacterial DNA, the bacteria were grown in LB medium (in the presence of leaf extracts at 140 mg solids) at 37 °C in a 15 ml tube placed in an incubator shaker (New Brunswick, MA, USA) set at 200 rpm overnight. Controls containing untreated bacteria were grown in LB medium only. Cells were harvested by centrifugation at 13,000g for 10 min and washed once with 0.85% (w/v) NaCl before chromosomal DNA isolation. Bacterial DNA was obtained using the Wizard™ Genomic DNA purification kit (Promega, Madison, WI, USA).
Random amplification of polymorphic DNA (RAPD) analysis of the genomic DNA
DNA fingerprinting of bacterial genomic DNA using random amplification of polymorphic DNA (RAPD) technique is a modification of the polymerase chain reaction (PCR), which utilizes a single, arbitrarily chosen primer to amplify a number of fragments from a given DNA template to generate a discrete fingerprint when resolved by gel electrophoresis. Many primers suitable for this approach were reported. Single base alterations due to mutations in the genomic template DNA lead to changes in the RAPD fingerprints. Three random primers, OPA-05 (5′-AGG GGT CTTG-3′), OPA-06 (5′-GGT CCC TGAC-3′) and OPB-06 (5′-TGC TCT GCCC-3′), were used for RAPD fingerprinting of the treated and non-treated two bacterial isolates. These primers were used previously (Williams et al. 1990 ) for RAPD analysis of Gram-positive and -negative bacterial DNA. The PCR amplification for RAPD reactions was performed in a 20 μl reaction mixture (Go-Taq™ polymerase, Promega, USA). The temperature profile was as follows: an initial denaturation step at 94 °C for 4 min, 35 cycles of denaturation at 94 °C for 1 min, then annealing at 34 °C for 1 min and extension at 72 °C for 2 min. Finally, extension at 72 °C for 7 min was executed. The PCR products were separated by electrophoresis in a 1% (w/v) agarose gel, stained with ethidium bromide and photographed using a BioSpectrum AC Imaging System (UVP, Upland, CA, USA). The RAPD markers were used to generate amplicons from genomic DNA of both treated and untreated bacteria. The number of polymorphisms was compared after treatment with spinach leaf extracts or just plain water.
Experimental design
A Box-Wilson central composite design (CCD) was used to monitor and control the number of experiments (Yang et al. 2009 ). In this study, the central composite face-centered (CCFC) experimental design in CCD was conducted to infer the optimal states of independent variables [extraction temperature (°C), power of ultrasound (W) and extraction time (min)] on the traits (zones of inhibition of ultrasoundassisted spinach leaf extracts). According to the preliminary results, the independent variables and their ranges were assigned to be extraction temperature (30-50 °C), power of ultrasound (30-70%) and extraction time (10-30 min). After that, the experiments were based on the central composite face-centered (CCFC) experimental design with three factors at three levels (Maran et al. 2013a ).
The complete design was carried out in a random order and consisted of 20 combinations including three replicates ( Table 1 ). The data from the experimental design were analyzed by multiple regressions to fit the following quadratic polynomial model:
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Statistical analysis
All experiments were conducted in triplicate and data were analyzed using one-way ANOVA procedures of the SAS software. Means were declared significantly different at p < 0.05.
Results and discussion
CCFC and developed second-order polynomial models
A total of 20 experiments, including six center points (used to determine the experimental error), were carried out to determine the optimal extraction conditions of spinach leaves that yield a maximal antimicrobial activity. The various combinations of experimental conditions (coded and uncoded) with their respective experimental responses are presented in Table 2 . to test three degrees of polynomial models, the experimental data were analyzed. Two statistical tests were focused upon: the sequential model sum of squares and the model summary statistics. These two tests were conducted to test the adequacy of models to determine the antimicrobial activities of spinach leaf extracts ( Table 2 ). The output of the adequacy of tested models was not dependent on a single factor. For instance, R 2 and p values were important to select an adequate model. The results showed that a quadratic model was not appropriate regardless of having a low p value (0.0244). The linear model also had a high p value (>0.05) and a low values of R 2 and adjusted R 2 (Table 2 ). Therefore, both the linear and cubic models were deemed inappropriate for further modeling of this experimental data. Therefore, the quadratic model was selected for further analysis.
Developing mathematical models depended on fitting models of the second-order polynomial equation with the interaction terms. This helped increase the predictive values of an extraction efficiency of different sets of combinations of three process variables on the responses. In this study, two equations were developed to predict the UAE efficiency of antimicrobial activity from spinach leaf extracts. The model finally inferred is as follows: Zone of inhibition for S. aureus = +24.67 + 1.80 × X 1 − 0.60 × X 2 + 0.70 × X 3 −0.37 × X 1 X 2 −0.37 × X 1 X 3 + 0.12 × X 2 X 3 −1.18 × X 1 2 −2.18X 2 2 −1.688X 3 2 . Zone of inhibition for E. coli = + 20.64 + 1.70 × X 1 −0. 65 × X 2 + 0.75 × X 3 −0.31 × X 1 X 2 −0.44 × X 1 X 3 + 0.062 × X 2 X 3 −0.98 × X 1 2 −2.238X 2 2 −1.73X 3 2 . To examine the models, multiple regression and ANOVA were used (Table 3 ). According to Ghafoor et al. (2009) , a positive value prefers the optimization due to a synergistic effect, while a negative value exhibits an inverse relationship or antagonistic effect between the factor and the response. According to the ANOVA table, the models were highly significant for all the responses at a p < 0.0001 with F values of 22.05 and 20.13 for S. aureus and E. coli, respectively.
Studies of the effects of process variables
Here, three factors at three levels of the CCFC design were used to study the influence of process variables (extraction temperature, power of ultrasound and extraction time) on the antimicrobial activity of spinach leaf extracts. The models were used to construct three-dimensional response surfaces and contour plots. The main and interactive effects of independent variables on a response variable were associated with graphical representations of a regression equation. The graphs were made by maintaining one factor constant (the central levels) and varying the other two factors to understand their main and interactive effects on the dependent variables (Maran et al. 2013b ).
Effects of extraction temperatures
The effects of extraction temperatures on the antimicrobial activity of spinach leaf extracts showed that there was both a positive linear and cubic effect of ultrasonic extraction temperatures (Table 3 ) on the inhibitory zone diameters for S. aureus and E. coli. When the temperature was increased from 30 to 45 °C, the inhibitory zone diameters (Figs. 1, 2) were 24.95 ± 0.10 mm and 20.93 ± 0.13 mm according to optimization condition for S. aureus and E. coli, respectively. However, it appears that the negative effects of higher temperatures were due to decreased antimicrobial activities in the spinach leaf extracts. This finding was in agreement with previous studies by Altemimi et al. (2015b) , in which it was shown that increasing the extraction temperatures caused the loss of antioxidant activities and lower concentrations of lutein and β-carotene.
Effects of the extraction power of the ultrasound waves
The antimicrobial activities of spinach leaf extracts were determined to evaluate the efficiency of the extraction power of ultrasound. The results showed that the inhibitory zone diameters increased with the increase in the power of ultrasound (Figs. 1, 2) . When the extraction power was increased from 30 to 44%, the inhibitory zone diameters (Figs. 1, 2) were increased for both S. aureus and E. coli. Disruption of the cell walls of the spinach leaves was increased when the extraction power was increased to an optimal condition. It was inferred that the solubility of the compounds was also increased (Ying et al. 2011 ) from higher yields. Increased inhibitory zone diameters suggest that the quality of the extract is increased. Furthermore, the vibration amplitude of sonication is closely associated with the intensity of ultrasound transmitted in the medium, and thus the number of cavitation bubbles was increased. Therefore, both the extraction efficiency and quality of the active compounds were increased (Dash et al. 2005) .
Effects of extraction times on bacterial growth
The inhibitory zone diameters were increased when the duration of extraction was increased from 10 to 23 min, but slowly decreased when the duration continued to be extended (Figs. 1, 2) . The zone of inhibition was predicted and found to be 24.95 ± 0.10 mm and 20.93 ± 0.13 mm for S. aureus and E. coli, respectively. This finding agreed with the study of Maran et al. (2013b) that showed the majority of phenolic compounds were released at the early period of extraction from broken cells. Moreover, the extension of the ultrasonic extraction time negatively affected the antimicrobial activity of spinach leaf extracts, probably due to the degradation of both pigments and polyphenols (Tiwari et al. 2009 ). The results obtained here are in accordance with published work of Rostagno et al. (2007) , showing that 20 min of sonication time was sufficient for the extraction of phenolics from soy beverages.
Determination and verification of models for ultrasonic parameters
The suitability of the model equations for predicting optimal response values was tested under set conditions (extraction temperature of 45 °C, ultrasound power of 44% and extraction time of 23 min). The experiments were carried out under the optimal conditions to compare the experimental results with the predicted values of the responses. The experiments were conducted in triplicate and the average values were reported in Table 4 . The mean values of the zones of inhibition for S. aureus and E. coli obtained were compared with the predicted values. The experimental values were found to be in agreement with the predicted values and clearly indicated the suitability of the developed quadratic models.
Determination of minimum inhibitory concentrations (MICs)
According to the results shown in Fig. 3 , MIC was defined as the lowest concentration of the extract able to inhibit visible bacterial growth (Bonjar 2004; Prescott et al. 1999) . The antibacterial activity of spinach leaf extracts against S. aureus and E. coli was reflected in their respective Gramnegative and Gram-positive bacteria-presented MIC values of 60 and 70 mg/ml, respectively. Thus, Gram-negative bacteria presented more susceptibility to plant extracts, while Gram-positive bacteria presented less susceptibility (Fig. 4) . The antimicrobial activity of spinach extracts was compared to the standard antibiotic streptomycin. The results showed that streptomycin had higher antibacterial effect against all the bacterial strains tested as compared to the extracts (Fig. 4) .
Effects of the spinach leaf extracts on bacterial DNA
To explore the genetic effects of the spinach leaf extracts in E. coli and S. aureus at the molecular level, the changes in the bacterial DNA due to the treatments employed were evaluated using RAPD marker analysis of genomic DNA. The RAPD results (Fig. 5) showed polymorphism in the numbers and sizes of amplicons among treated and nontreated bacteria. The highest number of polymorphic bands among treated E. coli was generated in reactions with the primers OPA-06 and OPB-06 (Table 5 ). The primer amplified four amplicons and represented 40% of the total bands. Among treated S. aureus, the reaction with the primer OPB-06 resulted in the highest number of polymorphic bands (three) that represented 50% of the total bands (Tables 5, 6 ). RAPD is a current and emerging technique employed for diagnostic mutation detection within a genome. The RAPD assay has been extensively used for the detection of DNA damage and mutation changes in most kingdoms including plants (i.e., Alfalfa and Palmaria palmate), animals (i.e., Daphnia magna and broiler chicken) and microorganisms (i.e., E. coli, Aeromonas hydrophila and S. aureus) (Danylchenko and Sorochinsky 2005; Atienzar et al. 2002a, b; Ali 2003) . The results obtained from the current study suggest that spinach leaf extracts may induce mutations within the bacterial genome. Therefore, RAPD analysis supports the finding that spinach leaf extracts exhibit antimicrobial activities on Gram-negative and Gram-positive food-borne pathogens. There were polymorphic banding patterns when comparisons were made between the non-treated bacteria and bacteria treated with different concentrations of the spinach leaf extracts (Fig. 5) . Furthermore, it has been shown that molecular changes due to point mutations in plants which affect gene expression may cause an interruption in the biochemical pathways of both DNA and protein synthesis (Lakhssassi et al. 2017a, b) . Such changes are inferred to be the result of secondary metabolism compounds, such as alkaloids and phenols, which are contained in abundance in the spinach leaf extracts, as it has been previously reported by Adam et al. (2000) , Morita et al. (2005) , Gilani et al. (2007) and El-Tarras et al. (2013) . Therefore, spinach antimicrobial activities may be due also to the presence of compounds in spinach leaves and mechanisms that could damage the cell wall via repression of gene expression or via restricting bacterial replication.
Inhibition of bacterial growth by spinach leaf extracts
SEM was used to examine possible morphological changes in the bacterial cells caused by spinach extracts. Treatment with spinach leaf extracts reduces dramatically the number of both E. coli and S. aureus; there are almost no bacteria on the treated surfaces (Figs. 6, 7) . In fact, lethal effects of a high concentration of spinach leaf extracts on the treated bacteria have been clearly observed. In the same way, it has been reported that oregano and thyme essential oils exhibit strong antimicrobial properties against E. coli O157:H7, in which the treated cells with essential oil were damaged, presenting similar effect on the cells (Burt and Reinders 2003) . Burt (2004) suggested that the mechanism was due to the action of essential oil components in bacterial cells. The damage may be caused by direct damage to the cell wall or membrane proteins, causing cell lysis.
Conclusion
In this study, RSM was used to optimize the conditions for ultrasound-assisted extraction of spinach leaves and to measure the antimicrobial activities of the prepared extracts. The results indicated that the temperature, power and extraction time significantly affect the antimicrobial activities of the extracts. Preparation of extracts under optimal conditions increased the antimicrobial activity of the extracts and the size of the zone of inhibition of growth of the treated bacteria compared to controls (non-treated bacteria). SEM images demonstrated that viable cell numbers were significantly reduced in bacterial cells treated with spinach leaf extracts. Moreover, RAPD analysis of the genomic DNA showed that there were differences in the polymorphic bands between treated and non-treated bacteria (S. aureus and E. coli) . This data support the idea that DNA polymorphisms detected by RAPD is a powerful biomarker assay for detection of the level of DNA damage in treated S. aureus and E. coli strains by spinach leaf extracts, as shown from previous studies (Danylchenko and Sorochinsky 2005; Atienzar et al. 2002a, b; Ali 2003) . Similar results were reported previously (El-Tarras et al. 2013 ) on the effect of Rhazya stricta leaf extracts and in two different studies with Conocarpus erectus and Moringa Peregrina (Hajar and Gumgumjee 2013) . These findings lead us to conclude that ultrasonicated spinach extracts can be effective antimicrobial agents against both Gram-negative and Gram-positive food-borne bacteria such as S. aureus and E. coli.
